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Figure 1 COUP-TFII is expressed in
BECs and LECs. (A) Western blot analyses
for COUP-TFII (top panel) and Proxl
expressions (middle panel) in HUVECs
and in HDLECs. o-tubulin was used as a
loading control (bottom panel). (B-C)
Immunostaining of HUVECs (B) and
HDLECs (C) was carried out for COUP- D
TFII (red) and Prox1 (green) with nuclear
staining by TOTO3 (blue). COUP-TFII

and Prox1 were co-localized to nuclei in
HDLECs (see Merge). Scale bars, 50 pm.

(D) Immunohistochemistry was carried

out for COUP-TFII (red) and LYVE-1
(green) with nuclear staining by TOTO-3

(blue) using transverse sections at the level

of the heart of 11.5 dpc mouse embryo.
Right small panels are magnified images

of the boxed area of the left large panel.

CV; cardinal vein. Scale bars, 100 pm (left
panel) and 20 pm (right four panels).

We also observed that COUP-TFII protein was localized
to the nuclei of HUVECs (Fig. 1B) and co-localized
with Prox1 in HDLECs (Fig. 1C). The specificity of
anti-COUP-TFII antibody used was confirmed using
the HUVECs whose expression of COUP-TFII was
knocked down by siRNA (Fig. S1 in Supporting
Information).

© 2009 The Authors
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Furthermore, we examined the COUP-TFII expression
in embryos. At 11.5 dpc of mouse development, LECs
that are positive for LYVE-1, a LEC marker, sprout out
from cardinal veins (Fig. 1D) (Oliver 2004), We observed
that these sprouting LECs express COUP-TFII (Fig. 1D).
These results suggest that COUP-TFII is temporally and
spatially co-localized with Prox1 in LECs.
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4 represents the mean of triplicate determi-
nations; Bars, SD. (B-C) Effects of gain-
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COUP-TFII suppresses Prox1-induced cell
proliferation through the regulation of cyclin
E1 expression

While Prox1 was reported to induce cyclin E1 expression
in HDMECs (Petrova et al. 2002), its effects on endothelial
cell proliferation have not yet been examined. When
Prox1 was expressed in HUVECs using adenovirus, it
significantly increased cell number (Fig. 2A). In order to
examine the effect of COUP-TFII on Prox1-mediated
promotion of endothelial cell proliferation, we increased
the level of COUP-TFII expression by adenovirus
coding for COUP-TFII. While COUP-TFII expression
itself did not affect cell proliferation, elevated cell pro-
liferation by Prox1 was significantly repressed by COUP-
TFII (Fig. 2A).

In order to dissect the molecular mechanisms, we
carried out quantitative RT-PCR analysis for cyclin E1
(Fig, 2B) and E2 (Fig. S2 in Supporting Information). In
accordance with the result of cell proliferation, COUP-
TFII significantly suppressed the cyclin E1 expression
induced by Prox1 (Fig. 2B), which was also confirmed
for cyclin E2 expression (Fig. S2A in Supporting
Information).

We next examined whether endogenous COUP-
TFII is necessary to suppress Prox1-mediated induction

Genes to Cells (2009) 14, 425-434

of cyclin E1 expression by knocking down endogenous
COUP-TFII expression using siRNA (Fig. S1 in
Supporting Information). As shown in Fig. 2C, the
induction of cyclin E1 expression by Prox1 was significantly
increased by the loss of COUP-TFII expression, which
was also confirmed for cyclin E2 expression (Fig. S2B
in Supporting Information). These findings suggest that
COUP-TFII suppresses Prox1-induced cell proliferation
by interfering with cyclin E expression.

COUP-TFII suppresses Prox1-mediated endothelial
cell migration towards VEGF-C by regulating
VEGFR3 expression

We recently showed that Prox1 induces endothehal cell
migration towards VEGF-C through up-regulation of
VEGFR3 expression (Mishima et al. 2007). To examine
the effect of COUP-TFII on the Prox1-mediated pro-
motion of endothelial chemotaxis towards VEGF-C, we
carried out chamber migration assays using HUVECs.
Asshown in Fig. 3A, COUP-TFII significantly suppressed
the chemotaxis towards VEGF-C enhanced by Prox1.
In consistent with the results of the chamber migration
assay, COUP-TFII suppressed the VEGFR3 mRNA
expression induced by Prox!1 (Fig. 3B). This result was
turther confirmed at protein level (Fig. 3C). In addition,
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Figure 3 COUP-TFIl represses Prox1-
induced endothelial cell migration towards
VEGF-C via regulation of VEGFR3
expression. (A) Effect of COUP-TFII on the
Prox1-induced endothelial cell migration
towards VEGF-C. Migration of HUVECs
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described previously (Mishima et al. 2007).
Relative migration towards VEGF-C is
shown as a ratio of the number of migrated
cells in the presence of VEGF-C against
that in the absence of VEGF-C. Bars, SD.
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indicated adenoviruses, followed by quan-
titative RT-PCR. (B) and Western blotting
(C: top panel) for VEGFR3. Western blot-
ting was also carried out for FLAG-tagged
Prox1 and COUP-TFII transduced by
adenoviruses (middle panel). o-tubulin was
used as a loading control (bottom panel). (D)
Effect of loss-of-function of COUP-TFII on
the Prox1-induced expression of VEGFR3.
HUVECs were infected with adenovirus
coding for Prox1 (Ad-Prox1) or non-conding
adenovirus (Ad-Null) in combination with
siRINA for COUP-TFII or negative control
siRNA (NTC), followed by quantitative
RT-PCR for VEGFR3. Bars, SD.

when COUP-TFII expression was knocked down in
HUVECs, induction of VEGFR3 expression by Prox1 was
enhanced (Fig. 31)). These results suggest that COUP-
TFII suppresses Prox1-induced endothelial chemotaxis
towards VEGF-C by regulating VEGFR3 expression.

Endogenous level of COUP-TFII expression in
HDLEC:s is required to maintain the expression
of VEGFR3

We next investigated the roles of COUP-TFII in the
LECs in which endogenous Prox1 is expressed. When
the level of COUP-TFII expression was elevated in
HDLECs, both proliferation (Fig. 4A) and chemotaxis

© 2009 The Authors
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towards VEGF-C (Fig. 4C) were suppressed with con-
comitant decrease in the expression of cyclin E1 (Fig. 4B)
and VEGFR3 (Fig. 4D). These findings were consistent
with the results observed in HUVECs. However, when
COUP-TFII was knocked down in HDLECs, their
migration towards VEGF-C and VEGFR3 expression
were attenuated (Fig. 4E,F), whereas neither cell number
nor cyclin E1 expression changed (data not shown). These
results suggest that COUP-TFII differentially functions
between HDLECs and HUVECs.

We further examined whether COUP-TFII alters the
endogenous Prox!1 expression in LECs. As shown in
Fig. 4G, endogenous Prox1 expression was significantly
decreased when the level of COUP-TFII expression was
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elevated in HDLECs, while the loss of COUP-TFII
expression did not alter the Prox1 expression (Fig. 4H).
These results suggest that excessive level of COUP-TFII
may interfere with the functions of Prox1 directly by
inhibiting the transcriptional activities of Prox1 and
indirectly by suppressing the endogenous Prox1 expression.

COUP-TFII interacts with Prox1 in HDLECs

Previous reports that LRH-1 and SF-1, members of nuclear
receptor superfamily, bind Proxl (Qin et al. 2004,
Steffensen et al. 2004) prompted us to examine whether
COUP-TFII and Prox1 interact. We carried out co-
immunoprecipitation experiments with cell lysates
prepared from the HUVECs mfected with adenoviruses
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coding for Prox1 and COUP-TFII (Fig. 5A). When the
lysates were subjected to imumunoprecipitation, we detected
COUP-TFII in the immunoprecipitates pulled down
with anti-Prox1 antibody, which indicates that Prox1 1s

capable of interacting with COUP-TFII in HUVECs.
Next, we examined whether endogenous Prox1 and
COUP-TFII interact in HDLECs using the Duolink
in situ proximity ligation assay (PLA). This method enables
us to monitor subcellular localization of endogenous
protein—protein interactions at single molecule resolution
(Soderberg er al. 2006, 2008). In the HUVECs infected
with adenoviruses coding for Prox1 and COUP-TFII,
we detected a number of strong fluorescence signals in
the presence of specific antibodies, which indicates the
interaction between Prox1 and COUP-TFII in the
© 2009 The Authors
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Figure 5 COUP-TFII physically interacts with Prox1. (A) Co-
immunoprecipitation of COUP-TFII with Prox1 in HUVECs,
HUVEC: infected with adenovituses coding for Prox1 (Ad-Prox1)
and COUP-TFII (Ad-COUP-TFII) were subjected to immuno-
precipitation with anti-Prox1 antibody, followed by immunoblotting
with anti-COUP-TFII antibody (top panel). Expression of Prox1
and COUP-TFII was also confirmed. (B) Interaction of endogenous
Prox1 and COUP-TFII in HDLECs. PLA was carried out to
detect the proximal location of Prox1 and COUP-TFII (shown as
red dots) as described in Experimental Procedures. All samples
were counterstained with TOTO3 (blue) to visualize nuclei. (a—)
HUVECs infected with adenoviruses coding for Prox1 and COUP-
TFII (a), native HDLEC:s (b) and native HUVEC: (¢) were subjected
to PLA after treating with antibodies for Prox1 and COUP-TFIL
Note that specific interaction between Prox1 and COUP-TFII is
detected in the nuclei only when Prox1 and COUP-TFII are
present. (d) Native HDLECs were subjected to PLA without treating
with antibodies for Prox1 and COUP-TFIL. Scale bars, 10 pun.
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nuclei (Fig. 5Ba), whereas no signals were detected in
native HUVECs in the presence of specific antibodies
(Fig. 5Bc) or in HDLECs in the absence of specific
antibodies (Fig. 5Bd). In the native HDLECs, we could
detect definite fluorescence signals restricted to the nuclei
in the presence of specific antibodies (Fig. 5Bb), suggesting
that endogenous Prox1 and COUP-TFII interact in the
nuclei of HDLECs. In order to examine the specificity
of the signals, we knocked down COUP-TFII expression
by siRINA in HDLECs and carried out PLA (Fig. S3 in
Supporting Information). The fluorescence signals seen
in the HDLECs transfected with control siRINA were
significantly decreased by knocking down COUP-TFII
expression. These results allowed us to conclude that
endogenous COUP-TFII interacts with Prox1 in the
nuclei of HDLEC:.

COUP-TFII and Prox1 bind to the cyclin
El promoter

Petrova et al. showed that Prox1 activates cyclin E1 pro-
moter whereas Prox1 DNA binding mutant does not
(Petrova et al. 2002), suggesting that Prox1 may regulate
the transcription of cyclin E1 via direct binding to the
cyclin E1 promoter. Because COUP-TFII suppresses
Proxl-induced cyclin El expression and physically
interacts with Prox1, we examined whether Prox1 and
COUP-TFII bind to the endogenous cyclin E1 promoter
in intact chromatin.

Cross-linked chromatin samples prepared from HUVECs
infected with adenoviruses coding for Prox1 and COUP-
TFII were subjected to chromatin immunoprecipitation
(ChIP) assays (Fig. 6). The cyclin E1 promoter region

Prox1 IP COUP IP

COUP Control
IgG 5 =

Input

Prox1 Control
Ab IgG Ab

Figure 6 COUP-TFII and Prox! directly bind to the cyclin E1
promoter. HUVECs infected with adenoviruses coding for Prox1
and COUP-TFII were subjected to ChIP assay. PCR was carried
out to detect the cyclin E1 promoter containing putative binding
sequences for Prox1 and COUP-TFIL Prox1 Ab and COUP Ab
lanes show amplification of target sequences within the immuno-
precipitates (IP) using antibodies for Proxl and COUP-TFII,
respectively. Control IgG lanes show PCR amplification of
samples precipitated with corresponding control IgG antibodies.
Input lanes show amplification of total input DNA (+) or no
DNA ().
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containing putative binding consensus sequences for Prox1
and COUP-TFII was pulled down with antibodics for
Prox1 and COUP-TFII, suggesting that both Prox1 and
COUP-TFII bind to the cyclin E1 promoter.

Discussion

In the present study, we show that COUP-TFII regulates
the transcriptional activities of Prox1. In BECs, both
gain- and loss-of-function studies showed that COUP-
TFII negatively regulates Prox1 to induce the expression of
cyclin E1 and VEGFR3. COUP-TFII has been reported
to negatively regulate the transcription via binding to the
promoter and recruitment of co-repressor complexes
containing N-CoR,, SMRT and histone deacerylase
(HDAC) (Park et al. 2003). The present findings that
COUP-TFII and Prox1 physically and functionally interact
may suggest that positive transcriptional regulation by
Prox1 is repressed by the co-repressor complexes that are
recruited to the promoter by COUP-TFII.

We also found that endogenous level of COUP-TFII in
LECs is required to maintain the expression of VEGFR3,
which is not consistent with the results observed in
HUVECs. This difference may be caused by the cell type
specific contexts of expression of other transcription
factors. Additionally, elevation of the level of COUP-TFII
expression in LECs also decreased the expression of
VEGFR3. We also found that both gain- and loss-of-
function of COUP-TFII decreased the expression of
LEC markers including integrin 9 and podoplanin
and BEC markers including VE-cadherin and VEGFR2
(Fig. S4). These results suggest that a certain range of
COUP-TFII expression is required to maintain the
expression of a group of LEC and BEC markers. Similar
phenomenon is observed in the relationship between the
expression of Oct3/4 and maintenance of pluripotency
of mouse embryonic stem cells (Niwa et al. 2000),

While endothelial markers examined so far appear to
require endogenous level of COUP-TFII in HDLEC:,
we found that not all of endothelial markers are regulated
by COUP-TFIT in a similar manner. Ablation of COUP-
TFII gene in endothelial cells allowed the ectopic
expression of ephrin B2 and Neuropilin 1 (NRP1), both
of which are arterial endothelial cell markers, in veins
(You et al. 2003). In accordance with the previous result,
COUP-TFII expression decreased ephrin B2 expression
while loss-of-COUP-TFII expression increased it in
HDLEC: (Fig. S4E in Supporting Information). However,
to our surprise, both gain- and loss-of-function studies
showed that COUP-TFII positively regulates NRP1
expression in HDLECs (Fig. S4F in Supporting Infor-
mation). Molecular mechanisms of how COUP-TFII

Genes to Cells (2009) 14, 425-434

differentially regulates the transcription of various target
genes between BECs and LECs remain to be investigated
mn the future.

During embryonic lymphatic development, Proxl
expressing BECs in veins differentiate into LECs and
sprout out to form primary lymphatic plexus (Oliver
2004). While we showed that COUP-TFII 1s expressed
in HDLECs at lower level than in HUVECs, it remains
to be elucidated how COUP-TFII expression is regulated
during lymphatic development in embryos. Loss-of-
function studies show that COUP-TFII negatively and
positively regulates the VEGFR3 expression in BECs
and LECs, respectively. These results may suggest that
COUP-TFII maintains the identity of venous endothelial
cells by inhibiting Prox1-mediated VEGFR3 expression
in BECs, but aids in maintaining VEGFR.3 expression in
LECs. This differential transcriptional regulation by
COUP-TFIH may play important roles in segregating
lymphatics from veins during formation of primary
lymphatic plexus.

As Prox1 plays critical roles in the formation and
maintenance of lymphatic vessels (Mishima et al. 2007),
regulation of transcriptional activities of Prox1 will aid in
manupilating lymphangiogenesis in pathological situations.
While ligands tor COUP-TFII receptor have not yet
been identified, better understanding of the regulation of
the COUP-TFII may be useful for developing therapeutic
strategies to treat lymphedema and tumor lymphangio-
genesis in the future.

Experimental procedures
Cell culture and adenovirus production

HUVECs and HDLECs were purchased from Sanke Junyaku and
TaKaRa, and cultured in endothehal basal medium (EBM)
containing 2% and 5% fetal bovine serum (FBS). respectively,
supplemented with endothelial cell growth supplement (TaKaRa).
Reecombinant adenoviruses coding for mouse Prox1 and mouse
COUP-TFII were generated and used as described (Shirakihara
et al. 2007).

RINA interference and oligonucleotides

siIRINAs were introduced into cells using HiperFect reagent
(QIAGEN) according to the manufacturer’s instructions. The
COUP-TFII siRNA (SI00128814) and the negative control
siRINA were obtained from QIAGEN.

Immunohistochemistry and Western blot analysis

Immunostaining was carried out with anti-Prox1 (1 : 100 dilution;
Abcam), anti-COUP-TFII (1 : 100 dilution; Perseus Proteomics)
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and anti-LYVE-1 (1 : 200 dilution; Abcam) antibodies, followed
by counterstaining with TOTO3 (Invitrogen—Molecular Probes).
Stained specimens were examined using a LSM 510 META confocal
microscope (Carl Zeiss). All images were imported into Adobe
Photoshop as JPEGs or TIFFs for contrast manipulation and figure
assembly. Antibodies to FLAG and ot-tubulin for Western blot analysis
were obtained from SIGMA. Antibody to human VEGFR3 for
Western blot analysis was obtained from Santa Cruz. Western blot
analysis was carried out as described (Watabe et al. 2003).

Proximity ligation assay (PLA)

The Duolink in situ PLA kits were purchased from Olink (hetp:/#/
www.olink.com/). Fixation of the cells, blocking of non-specific
binding of antibody, and immunostaining using anti-Prox!
(Abcam) and anti-COUP-TFII (Perseus Proteomics) were carried
out as described above, Subsequently, a pair of secondary antibodies
conjugated with oligonucleotides (PLA probes) was used according
to the manufacturer’s protocol to generate fluorescence signals
only when the two PLA probes were in close proximity (40 nm).
The fluorescence signal from each detected pair of PLA probes was
visualized as a distinct individual dot (Séderberg et al. 2006, 2008).
Nuclei counterstaining and analysis of the images were carried out
as described earlier.

Isolation of RNA and quantitative RT-PCR

Total RNAs were extracted from HUVECs and HDLECs using
the RNeasy Mini Kit (QIAGEN). First-strand ¢cDNAs were
synthesized by SuperScriptlIl reverse transcriptase (Invitrogen) using
random hexamer primers according to the manufacturer’s instruc-
tion. Quantitative RT-PCR analyses were carried out using the ABI
PRISM 7500 Fast Real-Time PCR. System (Applied Biosystems)
and Power SYBR. Green PCR master mix (Applied Biosystems).
All expression data were normalized to those for B-actin. In the
cases when siRNAs and adenoviruses were simultaneously used,
expression data are presented as a ratio of the expression level in
the samples infected with adenovirus coding for Prox1 against those
with non-coding adenovirus. The primer sequences are available
online as indicated in Table S1 in Supporting Information.

Chamber migration assay

Migration assay was carried out as described previously (Mishima
et al. 2007). As a chemoattractant, 100 ng/mL and 300 ng/mL of
recombinant VEGF-C (Calbiochem) were used for HDLECs and
HUVECS, respectively.

ChIP assays

HUVECs infected with adenoviruses were fixed by adding
formaldehyde and harvested. In order to precipitate Proxl and
COUP-TFII, anti-Prox1 antibody (R&D) and anti-COUP-TFII
(Perseus Proteomics) were used. PCR of the cyclin E1 promoter
containing putative binding sites for Prox1 and COUP-TFII was

@© 2009 The Authors
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done using immunoprecipitated chromatin with the following
pair of oligonucleotide primers:

5'-ACCAGCCTGAGCAACATAGCA-3 and 5-CAGTGAG
ACCCCCATTTCTACA-3".
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Summary

Epithelial-mesenchymal transition (EMT) plays important roles
in various physiological and pathological processes, and is
regulated by signaling pathways mediated by cytokines,
including transforming growth factor B (TGFB). Embryonic
endothelial cells also undergo differentiation into mesenchymal
cells during heart valve formation and aortic maturation.
However, the molecular mechanisms that regulate such
endothelial-mesenchymal transition (EndMT) remain to be
elucidated. Here we show that TGFP plays important roles
during mural differentiation of mouse embryonic stem cell-
derived endothelial cells (MESECs). TGFP2 induced the
differentiation of MESECSs into mural cells, with a decrease in
the expression of the endothelial marker claudin 5, and an
increase in expression of the mural markers smooth muscle o-
actin, SM22a and calponin, whereas a TGFB type I receptor

kinase inhibitor inhibited EndMT. Among the transcription
factors involved in EMT, Snail was induced by TGFB2 in
MESECs. Tetracycline-regulated expression of Snail induced
the differentiation of MESECs into mural cells, whereas
knockdown of Snail expression abrogated TGFB2-induced
mural differentiation of MESECs. These results indicate that
Snail mediates the actions of endogenous TGFPB signals that
induce EndMT.

Supplementary material available online at
http://jes.biologists.org/cgi/content/full/121/20/3317/DC1

Key words: TGFP2, TBR-1 inhibitor, Snail, EMT, EndMT, Embryonic
stem cell, Claudin 5, Smooth muscle o-actin

Introduction

Blood vessels are lined by endothelial cells and, with the exception
of capillaries, are surrounded by mural cells (pericyles or smooth
muscle cells). Embryonic endothelial cells arise from mesodermal
cells that express vascular endothelial growth factor receptor 2
(VEGFR2; also known as KDR) (Carmeliet 2005; Coultas et al.,
2005). Previous studies have described embryonic mural cells as
originating from neural crest and locally differentiating
mesenchymal cells (Hirschi and Majesky, 2004). Although
embryonic stem cell (ESC)-derived vascular progenitor cells have
been shown to differentiate into both endothelial and mural cells
(Yamashita ¢t al., 2000; Marchetti ¢t al,, 2002; Ema et al., 2003),
there is no direct evidence to show that mural cells differentiate
from common vascular progenitor cells in vivo,

Differentiated endothelial cells have been shown to differentiate
into mesenchymal cells in vivo. During heart development,
cardiogenic mesodermal cells give rise to two types of heart cells:
myocardial and endocardial cells. Endocardial cells acquire
endothelial markers, such as VE-cadherin (cadherin 5) and platelet-
endothelial cell adhesion molecule | (PECAMI). A population of
endocardial/endothelial cells in the atrioventricular (AV) canal gives
rise to the mesenchymal heart cushion cells, which form the
mesenchymal region of cardiac septa and valves (Markwald et al.,
1977; Polts et al., 1991). Furthermore, during maturation of dorsal
aorta in quail, endothelial cells experimentally labeled with a wheat
germ agglutinin-colloidal gold marker were shown to differentiate
into subendothelial mesenchymal cells that were positive for both

endothelial and mural markers in the aortic wall (DeRuiter et al.,
1997; Arcinegas et al., 2000).

During these processes, endothelial cells undergo a process
similar to epithelial-mesenchymal transition (EMT). EMT converts
polarized epithelial cells into motile mesenchymal cells (Lee et al.,
2006). EMT plays important roles in gastrulation and cancer cell
invasion (Huber et al., 2005). During EMT, the epithelial markers
E-cadherin (cadherin 1) and zona occludens 1 (ZO1: also known
as TJP1) are downregulated, whereas the mesenchymal markers
smooth muscle o-actin (SMA) and vimentin are upregulated.
During endothelial-mesenchymal transition (EndMT) in heart
development, expression of VE-cadherin is downregulated, whereas
that of SMA is upregulated. EndMT in heart valve formation is
regulated by signaling pathways mediated by multiple cytokines,
including Wnt, Notch and transforming growth factor § (TGFp).

Members of the TGFJ family bind to two different types of
sering/threonine kinase receptors. Upon ligand binding, the
constitutively active type Il receptor kinase phosphorylates the type
1 receptor, which, in turn, activates the downstream signal
transduction cascades, including Smad pathways. Activins and
TGFs signal through the type [ receptors known as activin receptor
type B (ACVRIB, hereafter referred to as ALK4) and transforming
growth factor beta receptor | (TGFPRI; hereafter referred to as
ALKS5). respectively. The activated type | receptors phosphorylate
receptor-regulated Smad proteins (R-Smads). Smad2 and 3
transduce signals for TGFPs and activins, whereas Smadl, § and
8 (also known as Smad9) arc specific for signaling of bone
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morphogenetic proteins (BMPs) (Feng and Derynck, 2005). As an
exception, ALK1 (ACVRL1). which is preferentially expressed in
endothelial cells, binds TGFp and activates Smad1/5 pathways (Oh
et al., 2000). BMP9 and BMP10 were reported to bind
to ALK (David et al., 2007; Scharpfenecker et al., 2007). Once
activated, R-Smads form a complex with the common mediator

Recently,

Smad4 (co-Smad) and translocate to the nucleus, where Smad
Cm‘uﬂu\m egulate transcription of target genes through their
interaction with various transcription factors. In addition, TGFp h:

been shown to activate a diversity of non-Smad parallel downstream
pathways, including extracellular signal-regulated kinase (ERK),
Jun N-terminal kinase (JNK) and p38 MAP kinase (Derynck and
Zhang, 2003).

Knockout IGFB

components exhibit defects in cardiovascular tissues

family aling
, implicating a
role for TGFP family proteins in development
(Goumans and Mummery, 2000; Mercado-Pimentel and Runyan,
2007). In particular, TGFB2-deficient mice have multiple defects
in AV cushion formation, suggesting a role in EndMT of endocardiac
tissues (Sanford et al., 1997; Bartram et al., 2001). Furthermore,

mice deficient in various sign

cardiovascular

various in vitro studies have shown that TGFPs induce the
differentiation of vascular endothelial cells into mural cells
(Arciniegas et al.,, 1992; Frid et al., 2002; Ishisaki et al., 2003).

However, the molecular mechanisms that govern TGFB-induced
EndMT remain largely unknown.

Several transcription factors,
(SNAI2), 8EF1 (ZEB1), SIP1 and Twist,
EMT (Peinado et al., 2007). Snail. a
transcription factor, represses E-cadherin expression and induces
Cano et al., 2000;
Snail die at

mcluding Snail (SNAIT), Slug
have been !mpll\_.llui in
zinc-finger-contaming

EMT when overexpressed in epithelial cells (
Batlle et al.. 2000). Knockout mice deficient for
gastrulation because they fail to undergo a complete EMT process,
forming an abnormal mesodermal layer that maintains E-cadherin
expression (Carver et al., 2001). Although TGFEf3 signals have been
shown to induce the expression of Snail, SIP1 and SEF| during
EMT of mammary epithelial cells (Peinado al., 2003;
Shirakihara et al., 2007), the causal relationship between TGF[3-
induced Snail expression and EMT has not yet been fully

cl

elucidated.
In order to elucidate the roles of TGFP signaling in the
differentiation of embryonic endothelial cells into mural cells,
used endothelial cells derived from mouse ESCs. TGF2 decreased
the expression of an endothelial marker, claudin 5. and increased
that of mural markers, SMA, SM22¢ (transgelin) and calponin. We
also found that Snail is necessary for the TGFB2-induced mural
lhese results reveal that Snail

EndMT.

we

difterentiation of endothelial cells.
plays important roles in the TGFB-induced

Results
TGFp and activin induce differentiation of ESC-derived
endothelial cells into SMA-expressing cells
When VEGFR2-expressing vascular progenitor cells derived from
mouse ESCs were cultured for 3 days with VEGF (VEGFA), we
obtained cells positive for mural cell marker SMA, which surround
endothelial cells positive for PECAMI and CD34 (Yamashita et
al., 2000). These m\cd vascular cell populations were sorted using
in order to punfy endothelial cells. The
cells in the sorted population was nearly
ESC-derived
(supplementary

anti-CD34 antibodies
proportion of PECAMI
100% (data not shown). We used these mouse
endothelial cells (MESECs) in the present study
material Fig. S1).

inhib

Fig. 1. Etfeets of TGF family members on mouse ESC-derived endothelial
cells (MESECs). (A-E) MESECs were obtained by CD34-sorting of vasculas
(endothelial and mural) eclls denved from mouse ESCs, und cultured in the
presence of 10% tetal calf serum (FCS) and VEGE (A), followed by
immunofluorescence staining for PECAMI (red) and SMA (green). MESECs
were also treated with BMP4 (B), TGFP2 (C), activin (D) and TBR-I inhibitor
(E). Seale bars: 100 pm, (F) Quantitative analysis of the effects of TGE[
signals on colony formation from single MESECs. MESECS were cultured at
low density with 10% FCS and VEGFE in the absence (
TGEB2 (TP ) or TBR-I inhibitor (inhib) for 4 days, and then stained for
PECAMI and SMA. The number of colonies per well was counted to assess
the effect of TGP signals on colony formation of MESECSs, Two colony types
and thosc also

) or presence of

were observed: those consisting of pure endothehal cells (F)
containing mural cells (M). Experiments were repeated at least three times
with essentially the same results.

After MESECs were cultured for 4 days in the presence of VEGF,
the proportion of endothelial cells remamed higher than 95% (Fig.
1A). Previous reports have shown that cultured endothelial cells
differentiate into mesenchymal cells expressing SMA under long-
term stimulation by TGFp (Paranya et al., 2001; Frid et al., 2002).
In order to study the effects of TGFP on MESECs, we used TGF2
which seems to be the physiologically most relevant TGF isoform
for EndMT during heart cushion development (Camenisch et al.,
2002), as well as activin and BMP4, other members of the TGFP
family. Whercas BMP4 did not exhibit significant effects (Fig. 1B),
TGFB2 and activin led to a decrease in the number of PECAMI
sheets of endothelial cells and to an increase in SMA Fig.
1C.DD). We also compared the effects of different isoforms of TGF[3
on MESECs and found that TGFPI and 3 induced the EndMT in
a similar manner to TGFB2 (supplementary material Fig, S2).

Furthermore, inhibition of  endogenously  activated
FGFP/acuvin signals in MESECs (Watabe et al., 2003 ) by a small-
molecule that inhibits kinases of receptors for TGFp, actin and
nodal (TBR-1 inhibitor, also known as LY 364947) (Sawyer et al.,
2003), led to a decrease in SMA LE). These results

L'L‘“\

\.\_Hw (I 1L,



o)
O
e
L
3]
w
©
&)
-
o
«©
=
S
=
o
2

Roles of Snail in TGFB-induced endothelial-mesenchymal transition

3319

2
A. claudin-5

[Z1=]

]
L

Relative expression (normalized by p-actin)
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Fig. 2. Effcct of TGFf signals on cxpression of endothelial and mural markers
in MESECs. (A-D) Levels of mRNA expression for claudin 5 (A). SMA (B),
SM22a (C) and calponin (D) in MESECs cultured in the absence () or
presence of TGFP2 (TP) or TBR-I inhibitor (inhib) as analyzed by quantitative
real-time RT-PCR. Error bars indicate s.d. (E) Protein levels of claudin 5 (top).
SMA (middic) and o-tubulin (bottom) were examined by immunoblotting of
total lysates of the MESECs described in A-D.

suggest that activation of ALKS-mediated signaling pathways
induces the differentiation of MESECs into SMA-expressing cells.

Quantitative analysis of the effects of TGFp signals on the
differentiation of MESECs into SMA-expressing cells

In order to further dissect the roles of TGFP in the differentiation
of MESECs into SMA™ cells, we performed quantitative analysis
using a limiting-dilution assay. When MESECs were plated at a
low density, single MESECs formed individual colonies, and the
total number of colonies varied depending on the culture conditions.
TGFB2 decreased the number of colonies slightly, whereas the TPR-
I inhibitor strongly increased it (Fig. 1F).

We next cvaluated the phenotypes of the colonies by
immunohistochemical analysis. Culturing MESECs with VEGF
induced two types of colonies emerging from single MESECs:
PECAMI " pure endothelial cells (E), and mixtures of endothelial
and SMA" mural cells (M) (Fig. 1F). Whereas the frequency of
mural colonies was 19% when cultured in the presence of VEGE,
addition of TGFB2 or TPR-I inhibitor reproducibly increased (to
37%) or decreased (to 5%) this frequency, respectively, further
suggesting that TGFp signals induce the differentiation of MESECs
into SMA™ cells.

TGFp regulates the expression of various endothelial and
mural cell markers

Vascular endothelial cells express various markers, including
PECAMI, VE-cadherin and claudin 5, whereas mural cells express
markers such as SMA, SM22a and calponin. During the EndMT

»
P

Relative expression
o
o

{normatized by |i-actin}

o

3 TP inhib

Snail e G
u-tubulinw

Fig. 3. Effect of TGFP signals on Snail expression in MESECs. (A) Levels of
expression of Snail in MESECs cultured in the absence () or presence of
TGFB2 (TP) or TBR-1 inhibitor (inhib) as analyzed by quantitative real-time
RT-PCR. Error bars indicate s.d. (B) Protein levels of Snail (top) and a-tubulin
(bottom) were examined by immunoblotting of total lysates of the HUVECs
cultured in the absence or presence of TGFP2 or TBR-I inhibitor.

in heart cushion development, expression of VE-cadherin is
downregulated with concomitant upregulation of SMA expression.
We studied the effects of TGFP signals on the expression of various
markers for endothelial and mural cells in MESECs using
quantitative RT-PCR and immunoblot analyses. Whereas the
expression of VE-cadherin was unaffected by TGFP2 (data not
shown), TGFP2 treatment resulted in a decrease in claudin 5§
expression (Fig. 2A) with a concomitant increase in SMA expression
at both the mRNA (Fig. 2B) and protein (Fig. 2E) levels. By contrast,
addition of TPR-1 inhibitor increased the expression of claudin 5
and decreased SMA expression (Fig. 2A.B.E).

We also studied the expression of other mural cell markers. As
shown in Fig. 2C.D, SM22a and calponin were both upregulated
by TGFB2 and downregulated by TBR-1 inhibitor. These results
suggest that TGFB2 induces the EndMT of MESECs.

TGFp induces the expression of Snail during mural cell
differentiation of MESECs

Recent studies have revealed that several transcription factors are
involved in EMT (Peinado et al., 2007). In order to clucidate the
molecular mechanisms that govern TGFB-induced EndMT of
MESECs, we studied the expression of various EMT-related
transcription factors after treatment of MESECs with TGFB2 or
TBR-1 inhibitor. As shown in Fig. 3A, expression of Snail was
significantly increased by TGFP2 treatment, whereas it was slightly
decreased by the addition of TBR-I inhibitor. By contrast, expression
of Slug, SIP1, 8EF1 or Twist, was unaffected by TGFB2 treatment
in MESECs (data not shown).

We further studied the effect of TGFJ signals on the expression
of Snail protein in human umbilical vein endothelial cells
(HUVEC:S). In accordance with the results in MESECs, expression
of Snail was induced by TGFP2 and decreased by TPR-1 inhibitor
(Fig. 3B). These results suggest Snail as a possible regulator of
EndMT in response to TGFP2 treatment.

Snail expression in MESECs induces EndMT

Since Snail expression was induced by TGFP, we examined the
effects of Snail expression on MESECs. Because we wished to
induce the expression of Snail in differentiated endothelial cells
instead of undifferentiated ESCs, we established ESC lines carrying
a tetracycline (Tc)-regulatable Snail transgene (Tc-Snail), or no
transgene (Te-Empty) (Masui et al., 2005; Mishima et al., 2007).
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Tc-Empty Tc-Snail

Te+ Tc-

Te+

I
(=]

50

0" T+ Te- Te+ Te-
Tc-Empty Tc-Snail

Fig. 4. Effcet of tetracyeline (Te)-re
(A)MESECs were sorted from
encoding FLAG-cpitope-tagg
e (Te-Empty), and cultured
presence () of Te, Expression of FLAG-Snail (top and bottom rows, green)

was examined, in addition to nuclear staining (bottom row, red). (B) MESECs

expression on MESECs

Il derived from ESCs ca

in A were subject to immunofluoreseence staining for PECAMI (red) and
SMA (green). (C) Quantitative analysis of the effects of Snail on colony
formation from single MESECs, performed as deseribed m Fig. TE Briefly,
MUESECS derived from Te-Empty or Te-Snail ESCs were cultred at low
density with 10% FCS in the absence (-} or presence (+) of Te for 4 days.
followed by staining of col or PECAMI and SMA. E, pure endothelial
colony; M, mural-cont ny. Scale bars: 100 pm

nics

EMT has been reported to play important roles during the early
stages of development, such as gastrulation. Recently, upregulation
of Snail expression was detected during an carly differentiation
process of human ESCs, which was identified as EMT (Ullmann
et al., 2007). Removal of Te from the culture of undifferentiated
Tc-Snail cells, but not that of Te-Empty cells, induced the expression
of the Snail transgene, which resulted in dramatic changes in their
morphology from epithelial to mesenchymal in appearance
(supplementary material Fig. S3A). We further found that E-
cadherin expression was downregulated by Snail expression
(supplementary material Fig. S3B). Thesc results suggest that Snail
cnhances the EMT that takes place during early differentiation
process of ESCs.

In order to examine the effects of Snail on vascular development,
we differentiated the Te-Empty and Te-Snail ESCs into vascular
cells in the presence of Te, so that no transgene expression was
induced until the endothelial cells were fully differentiated. MESECs
were sorted using anti-CD34 antibodies. and were cultured in the
presence or absence of Te (supplementary material Fig. S1). As
shown in Fig. 4A, Snail transgene expression was induced in the

vascular cells derived from Te-Snail ESCs only in the absence of
[c. The majority of control MESECs maintained their endothelial
characteristics. expressing PECAMI when Snail was not expressec
(Fig. 4B). However, when Snail was expressed, many of the
endothelial cells  exhibited mural characteristics,  including
expression of SMA (Fig. 4B), as observed when MESECs were
treated with TGFP2 (Fig. 1).

To further dissect the roles of Snail in the EndMT of MESECS,
we performed quantitative colony-formation assays. The trequency
of colonies containing SMA" cells (M) was unaftected by the
removal of Te in the MESECs derived from Te-Empty ESCs (Te+,
53%; Te—. 57%) (Fig. 4C). By contrast, Snail expression mduced
by the removal of T¢ i the Te-Snail ESC-derived MESECs
significantly increased the frequency of SMA' colony formation
(Te+, 45%; Te-. 69%). This suggests that Snail induces the
differentiation of MESECS into SMA" cells.

We examined whether induction of EndMT by Snail transgene
expression requires activation of TGFp type I receptors. Addition
of TER-I inhibitor to the MESECs derived from Te-Snail ESCs in
the presence of Te abrogated the EndMT induced by endogenous
TGFP signals (supplementary material Fig. S4A). Expression of
the Snail transgene by removal of Te induced EndMT, both in the
absence and presence of TPR-1 inhibitor. These resulls were
confirmed by a quantitative colony-formation assay (supplementary
material Fig, S4B) and suggest that Snail induces the EndMT of
MESECs as a downstream target of TGF type | receptor-mediated

signals.

Snail downregulates endothelial marker expression and
upregulates mural marker expression

We further examined the effects of Snail on the expression ot various
endothelial and mural cell markers in MESECs. As shown m g,
5A.B, the amount of transcript for claudin 5 and for SMA was down-
and upregulated, respectively, by Snail expression i the MESECS
derived from Te-Snail ESCs. Analogous changes in protein levels
were confirmed by immunoblot analysis (Fig. SE)

I'he expression of other mural cell markers, SM220 and calponin,
was also upregulated by Snail expression in MESECs (Fig. 5C.D)
These changes in expression of the various markers induced by Snail
are reminiscent of those induced by TGFB2 treatment, suggesting
that Snail 1s involved in the TGFR2-induced EndMT of MESECs.

Snail is required for the TGF}2-induced EndMT of MESECs

In order to determine whether Snail is required for the TGFP2-
mediated EndMT, we used siRNA directed against Sneail to reduce
the expression of endogenous protein, Snail siRNA was transtected
into MESECs, followed by stimulation of the cells with TGFp2
(supplementary material Fig. S1). As shown in Fig. 6A, Snail sSIRNA
successfully knocked down the expression of endogenous Snail
mRNA while TGFB2 still induced Snail expression to the
endogenous level. In cells transfected with control siRNA, TGF[2
induced the differentiation of MESECs into SMA”™ cells, whereas
I'GFB2 failed to do so in the cells transfected with Snail SIRNA
(Fig. 6B). These results were confirmed by quantitative colony-
formation assays (Fig. 6C).

Furthermore, the TGFP2-mediated upregulation of expression of
various mural cell markers (SMA, SM22a and calponin) was
repressed by Snail siRNA, whereas downregulation of claudin 5
expression by TGFB2 was partially inhibited by Snail siRNA (Fig.
7A-E). These results reveal that Snail is necessary for the EndMT

induced by TGFj2

— 19—
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Fig. 5. Effect of Snail on expression of endothelial and mural markers in
MESECs. (A-D) Levels of expression of claudin 5 (A), SMA (B), SM22a (C)
and calponin (D) in MESECs derived from Te-Empty or Te-Snail ESCs
cultured in the absence (-) or presence (+) of Te were analyzed by quantitative
rcal-time RT-PCR. Error bars indicate s.d. (E) Protem levels of claudin 5 (top),
SMA (middle) and at-tubulin (bottom) were examined by immunoblotting of
total lysatcs of the MESECSs described in A-D.

Smad4-independent pathways are partly involved in the
TGFp2-induced EndMT of MESECs

Upon ligand binding, TGFJ receptor complexes activate both Smad
and non-Smad signaling pathways. In order o examine whether these
non-Smad pathways are involved in the TGFB-induced EndMT, we
knocked down the expression of Smad4, the only co-Smad that is
necessary for both the Smad2/3 and Smad1/5/8 pathways (Fig. 8A).
In the MESECs in which Smad4 expression was knocked down,
TGFP2 failed to induce the expression of PAIT (SERPINEL) (Fig.
8B), a target of the Smad2/3 pathway, but partially induced Snail
expression (Fig, 8C), suggesting that Snail is partially induced by
Smad4-independent pathways. In accordance with the results of Snail
expression, knockdown of Sniad4 expression failed to fully abrogate
the TGFP2-mediated EndMT (Fig. 8D), the suppression of claudin
5 (Fig. 8E) or the induction of SMA expression (Fig. 8F). These results
suggest that TGFP activates Smadd4-dependent and -independent
pathways, both of which play important roles in the induction of Snail
expression that leads to EndMT.

We also examined whether the induction of EndMT by Snail
transgene expression requires Smad4. The expression of the Snail
transgene by removal of Tc from the culture of the MESECs derived
from Te-Snail ESCs was able to induce EndMT, both in the absence
and presence of Smad4 expression (supplementary material Fig. SS5A).
These results were confirmed by quantitative RT-PCR (supplementary

material Fig. S5B,C), and suggest that Snail induces the EndMT of

MESECs as a downstream target of Smad4-mediated signals.
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Fig. 6. Effcct of Snadl knockdown on MESECs. MESECs were sorted from the
vascular cells denved from ESCs, transfected with Snail siRNA or with
scrambled sequence as a negative control (NTC), and cultured in the absence
(—) or presence of TGFP2 (TP). (A) The levels of endogenous expression of
Snail in the MESECs were analyzed by quantitative real-time RT-PCR. Error
bars indicate s.d. Black and gray bars, represent +TGFB2 and -TGFB2,
respectively. (B) The MESECs were subjected to immunofluorescence staining
for PECAMI (red) and SMA (green). (C) Quantitative analysis of the ctfects
of Snail on colony formation from single MESECs, performed as described in
Fig. IF. Briefly, MESECs transfected with Snail siRNA or scrambled sequence
were cultured at low density with 10% FCS in the absence (-) or presence of
TGFP2 (TP) for 4 days, followed by staining of colonics for PECAMI and
SMA. E, purc endothelial colony; M, mural-containing colony. Scale bars:

100 um.

Discussion

In the present study, we showed that TGFB2 induces the
differentiation of endothelial cells into mural cells, with an increase
in expression of the mural markers, SMA, SM220. and calponin.
Previous reports have shown that TGFP induces various mural
markers during the differentiation of neural crest stem cells into
smooth muscle cells (Shah et al., 1996), and that TGFP-induced
SEF1 is involved in this process (Nishimura et al., 2006). Although
TGFp has been shown to induce the expression of Snail during
EMT of kidney epithelial cells (Peinado et al., 2003), functional
roles of Snail during TGFB-induced EMT were not fully elucidated.
The present findings dircctly show, for the first time, that Snail
mediates TGFB-induced upregulation of multiple mural markers
and the downregulation of claudin 5 in endothelial cells.

We also found that loss of Smad4 expression decreases, but does
not completely abolish, TGF-induced Snail expression and EndMT
(Fig. 8). We previously showed that Snail expression is upregulated
within 30 minutes of addition of TGFP to NMuMG mammary
epithelial cells, in which TGFp induces EMT (Shirakibara et al.,
2007), suggesting that Snail is a direct target of TGFP signals.
The molecular mechanisms by which Smad4-dependent and
-independent signals activate the Snail promoter in endothelial cells
remain to be studied in the future.

Although Snail has been shown to play important roles in EMT,
the molecular mechanisms by which Snail regulates the transcription
of EMT-related targets have not been eclucidated. In order to
examine whether Snail binds to the endogenous SMA promoters
in intact chromatin, we have subjected cross-linked chromatin
samples prepared from Te-Snail ESC-derived endothelial cells to
chromatin immunoprecipitation (ChlP) assays. Nishimura and
colleagues previously identified a TGFB-responsive SMA promoter
region containing Smad3-binding sequences and an E-box to which
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Fig. 7. Effcct of Snail on expression of endothelial and mural markers in

\-‘l! SECs, (A-D) Levels of expression of claudin 5 (A), SMA (B). SM22a0.(C)
and calponin (D) in MESECs transtected with Snail siIRNA or scrambled
sequence as a negative control (NTC), and cultured in the absence () or
presence of TGFR2 (TP) were analyzed by quantitative real-time RT-PCR
Error bars indicate s.d. (E) Protein levels of claudin 5 (top), SMA (mmiddle) and
u-tubulin (bottom) were examined by immunoblotting of total lysates of the
MESECs described in A-D

Snail proteins might bind (Nishimura et al., 2006). We were also
able to pull down the TGFP-responsive element with antibodies
against Smad3 in the Te-Snail ESC-derived endothelial cells treated
with TGFB (supplementary material Fig. S6A), but not with
antibodies against FLAG-Snail (supplementary material Fig. S6B).
These results suggest that Snail does not bind to the TGFB-
responsive clement to induce SMA expression in MESECs.
During EMT, a decrease in the expression of multiple tight-

junction molecules, such as ZO1 and claudins, is accompanied by

an increase in the expression of mesenchymal markers. We observed
a decrease in the expression of claudin 5, an endothelium-specitic
tight-junction molecule, induced by TGFB in MESECs. We
previously reported that expression of claudin 5 is downregulated
by TGFB during endothelial differentiation from ESC-derived
vascular progenitor cells (Watabe et al., 2003). Since claudin ]
expression is also repressed by Snail and Slug during EMT of kidney

epithelial cells (Martinez-Estrada et al., 2006), downregulation of

claudin family members might be a crucial event during EMT and
EndMT.

During EMT and EndMT, expression of E-cadherin and VE-
cadherin is, respectively, also decreased. However, VE-cadherin
expression was not altered by Snail in MESECs, whereas E-cadherin
expression was suppressed by Snail in undifTerentiated ESCs. This
might suggest that repression of VE-cadherin requires other
transcription factors. We recently showed that TGFp-induced 6EF |
and SIP1, but not Snail, are involved in the downregulation of E-
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Fig. 8. Effect of Smad4 knockdown on TGEFB-induced EndMT of MESECs.
MESECs were sorted from the vascular cells derived from ESCs. ranstected
with Smad4 siRNA or with scrambled sequence as a negative control (NTC),
and cultured in the absence (-) or presence of TGEB2 (TB). (A) Levels of
endogenous expression of Smad4 in the MESECS were analyzed by
immunablotting, (B,C.E,F) Levels of expression of PALL (B), Snail (C).
claudin 5 (E) and SMA (F) in the MESECs were analyzed by quantitative real-
time RT-PCR. Error bars indicate s.d. (D) The MESECs were subject to
immunofluorescence staining for PECAMI (red) and SMA (green).

cadherin expression in mammary epithelial cells (Shirakihara et al.,
2007). However, expression of the other EMT-related transcription
factors was unaffected by TGFJ in MESECs, suggesting that other
EMT-related signaling pathways are involved in the repression of
VE-cadherin expression. In the embryonic heart, Notch functions
to promote the TGFB-induced EMT that results in formation of the
cardiac valvular primordia (Timmerman et al., 2004). Licbner and
colleagues showed that TGFf induction of EndMT during heart
cushion dugln sment is strongly inhibited in mice deficient for -

catenin, suggesting that an interaction between TGFB and Wnt
signaling pdl}l\\d}.h plays important roles in this process (Liebner
et al., 2004). The roles of Notch and Wnt signals in the EndMT of
MESECs remain to be clucidated in the future.

The expression of Twist, another EMT-related transcription
factor, has been reported to be regulated by BMP2 (Ma et al., 2005),
a member of the TGFJ family that has been implicated in cardiac
cushion EndMT. In the embryos that lack BMP2 or BMP type IA
receplor in AV myocardium or endocardium, respectively, cardiac
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cushion formation is perturbed, with loss of expression of various
transcription factors, including Twist (Ma et al., 2005). However,
the present study shows that BMP4 fails to induce EndMT of
MESECs. In accordance with this, Snail expression in the
endocardium was unaffected by the loss of BMP2 or BMP type 1A
receptor (Ma et al., 2005). A recent report showed that BMP7
inhibits the TGFp-induced EndMT of cardiac endothelial cells
(Zeisberg et al., 2007a). We also found that BMP7 partially inhibits
the TGFR-mediated SMA expression in MESECs (supplementary
material Fig. $7). These results suggest that certain types of BMPs
play roles in the EndMT in a manner independent of TGFp.

Recently, EndMT was implicated in two pathological situations.
During cardiac fibrosis. accumulated fibroblasts cause the deposition
of extracellular matrix, which can cause heart failure. Furthermore,
activated fibroblasts can induce the progression of cancers. Zeisberg
and colleagues reported that the TGFB-induced EndMT plays
important roles in the formation of fibroblasts from endothelial cells
during cardiac fibrosis (Zeisberg et al., 2007a) and cancer
progression (Zeisberg et al., 2007b). Since fibroblasts are key to
both siluations, EndMT is expected to be a target in the therapy of
cardiac dysfunction and cancer. Therefore, the present findings
might lead to a greater understanding of not only normal
cardiovascular development, but also of such pathological situations.
and eventually to the development of strategies to manipulate these
signals for therapeutic benefit.

Materials and Methods

Cells and cell culture

The maintenance, differentiation, culture and cell sorting of mouse CCE and
MGZ5TcH2 ESCs (gifts from Drs M. J. Evans and H. Niwa, respectively) were as
described (Yamashita et al., 2000). Differentiated ESC-derived endothelial cells were
sorted using PE-conjugated anti-CD34 antibodies (Pharmingen) and a MACS
separation system (Miltenyi Biotec). Establishment of Te-inducible ESC lines from
parental MGZ5TcH2 cells was as described (Masui et al., 2005; Mishima et al.. 2007).
HUVECs were obtained from Sanko Junyaku and cultured as described (Mishima
et al., 2007). VEGF (R&D. 30 ng/ml), TGFBI, 2 and 3 (R&D, 1 ng/ml), BMP4
(R&D, 50 ng/ml), BMP7 (R&D, 500 ng/ml), activin (R&D, 25 ng/ml). TBR-I inhibitor
(Calbiochem LY 364947, 1 uM) and tetracycline (Sigma-Aldrich, 1 pg/ml) were used.

RNA interference and oligonucleotides

siRNAs were introduced into cells as described (Shirakihara et al., 2007). The target
sequences for mouse Snail and Smad4 siRNAs were 5'-UGCAGUUGAAGAUCU-
UCCGCGACUG-3'  and  5'-UUAAUCCUGAGAGAUCAAUUCCAGGS-3',
respectively. Control siRNAs were obtained from Ambion.

Immunohistochemistry and immunoblot analysis
Immunohistochemistry of cultured cells was performed as described (Yamashita et
al., 2000) using monoclonal antibodies to PECAMI (Mec13.3, BD Pharmingen),
SMA (1A4, Sigma-Aldrich) and FLAG (M2, Sigma-Aldnich). Stamed cells were
photographed using a confocal microscope (LSMS10 META, Carl Zeiss
Microlmaging) with 10x (Plan-Neofluar 10:/0.30) objectives and LSM Image
Browser. All images were laken al room temperature, and imported into Adobe
Photoshop as TIFs for contrast adjustment and figure assembly. Immunoblot analyses
were performed as described (Kawabata et al., 1998) using antibodies to claudin 5
(Zymed), SMA (Sigma-Aldrich), e-tubulin (Sigma-Aldrich), Snail (Cell Signaling)
and E-cadherin (BD Transduction Laboratories).

RNA isolation and RT-PCR

Total RNA was prepared using RNeasy Reagent (Qiagen) and reverse-transcribed by
random priming and using a Superscript First-Strand Synthesis Kit (Invitrogen).
Quantitative RT-PCR analysis was performed using the GeneAmp 5700 Sequence
Detection System (Applied Biosystems). All expression data were normalized lo those
for B-actin. For primer sequences, see supplementary material Table S1

Chromatin immunoprecipitation (ChiP) assay

Endothelial cells derived from ‘Te-Snail ESCs were obtamed in the absence or presence
of Te, and were incubated with or without TGFP for 3 hours. Cells were fixed by
adding formaldehyde and harvested. ChIP assays were carried out as described
(Nishimura et al., 2006). In order to precipitate Smad3 and FLAG-tagged Snail, anti-
Smadl antibody (Upstate Biotechnology) and anti-FLAG (M2) antibody were used.

PCR of the SMA promoter around the TGF hypersensitivity region was performed
using immunoprecipitated chromatin with primers 5'-CAGTTGTTCTGAGGGCT-
TAGGATGTTTATC-3" and 5’ -ACAAGGAGCAAAGACGGGCTGAAGCTGGCC-
LA
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ABSTRAECT

To understand the endothelial cell (EC) development, artenal, venous, and lymphatic EC (LEC) have been
successfully induced from embryonic stem cells (ESC). However, tissue-specific EC, such as hepatic sinu-
soidal EC (HSEC), have never been generated from ESC. Based on the findings that TGF/activin signaling
negatively regulates differentiation of both LEC and HSEC, and that HSEC and LEC are distinguishable by
the expression of marker genes, we assessed the role of TGFf/activin signaling in EC development from
ESC. Here we show that the inhibition of TCFp/activin signaling by a TCFp receptor | (TGFRI) kinase
inhibitor increased the expression of Lyvel and stabilin2 but not podoplanin in CD31°CD34" EC derived
from ESC. EC generated by the inhibition of TGFpRI signaling also exhibited stronger endocytic activity
than control EC, indicating that their phenotype is similar to fetal HSEC. Our results reveal that TGFp/acti-
vin signaling negatively regulates the early events of HSEC differentiation.

Lyvel
Podaplanin
TGFR signaling

Endothelial cells (EC) are actively involved in various biological
processes in different tissues, such as organ development, homeo-
stasis, regeneration and disease [1], and their characteristics are
differentially regulated in each vascular bed [2]. Progress has been
made to distinguish various types of EC by expression of molecular
markers, allowing us to address the development of EC heteroge-
neity [3]. Lymphatic endothelial cells (LEC) are EC that line the
lymphatic vasculature. Because lymphatic vessels are important
not only for the maintenance of fluid balance, but also for the path-
ogenesis of diseases, such as cancer (4], much attention has been
paid to lymphatic development [5]. Hepatic sinusoidal EC (HSEC)
are EC that line the hepatic microvasculature, sinusoids. It has been
well known that HSEC have unique structural and functional char-
acteristics, such as fenestrae and the scavenging activity [6], but
the mechanism of their development remains largely unknown.
Interestingly, it has been noted that there are some similarities
between LEC and HSEC [7]. For example, both LEC and HSEC have
minimal basement membranes and loose cell-cell junctions,
express Lyvel, but lack CD34 [7]. Moreover, both EC are originated
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from veins or mesenchyme [8-10]. These observations suggest that
the development of LEC and HSEC is regulated by the same signal-
ing pathway to some extent.

We have recently described development of mouse HSEC by
immunohistochemical studies [11]. Together with studies on rat
and human HSEC [12-14], we have proposed that development
of HSEC can be divided into at least three stages [11]. First, at
the beginning of the liver specification, from embryonic day (E)
E8.0 to E9.5 in mouse, EC in the emerging liver bud do not ex-
press an HSEC specific marker. At this stage, HSEC cannot be dis-
tinguished from other EC. At the second stage from E9.5 to
perinatal period, HSEC acquire some of their specific features,
such as the expression of stabilin2 (Stab2) and Lyvel and high
endocytic activity. At this stage, HSEC can be clearly distinguished
from other EC based on such characteristics. However, their char-
acteristics are different from adult HSEC. E14.5 HSEC express
CD34 but lack the receptors for the Fc fragment of 1gG (FcgRs)
and fenestrae, whereas adult mature HSEC are CD34 FcgRs" and
possess fenestrae. It should be noted that the earliest marker of
HSEC is Stab2 expression.

A recent report revealed that TGFp/activin signaling inhibits the
proliferation, migration and differentiation of LEC [15]. It has also
been shown that TGFp/activin signaling inhibits maturation of HSEC
from the immature stage [16]. However, it still remains unknown
what signals regulate the early stage of HSEC development.
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Embryonic stem cells (ESC) have been shown to differentiate
into Flk1™ vascular progenitors that give rise to both endothelial
and mural cells [17]. This system has been considered to mimic
the EC differentiation in vivo, and has been used to study the devel-
opment of EC heterogeneity [18]. By using this differentiation sys-
tem, we previously demonstrated that TGFf/activin signaling
inhibits proliferation and sheet formation of EC [19]. However, it
remains unknown whether TGFp/activin signaling also inhibits dif-
ferentiation of LEC and/or HSEC in this system. In this study, we ad-
dressed this possibility by using the markers that distinguish LEC
and HSEC from other EC [3,7.11]. Our results show that the inhibi-
tion of TCFp/activin signaling in EC differentiated from ESC in-
creases expression of Lyvel, a common marker for LEC and HSEC,
but not podoplanin (Pdpn) and chemokine (C-C motif) ligand 21
(Ccl21). LEC markers. It also increases the expression of Stab2
and coagulation factor VIII (F8), and induces stronger endocytic
activity. Our results suggest that TGFp/activin signaling negatively
regulates the early step of HSEC differentiation.

Table 1
Oligonucleorides used in RT-PCR

Gene symbol Description GeneBank

Materials and methods

Cell culrure. Maintenance, differentiation and culture of CCE
ESC (a gift from Sir Martin J. Evans, Cardiff University, UK) were
performed as described previously [17,20]. Briefly, CCE ESC were
maintained on gelatin-coated tissue culture dishes in KnockQut
D-MEM (Invitrogen. California, USA) supplemented with 15% fe-
tal bovine serum (FBS, SAFC Biosciences, Tokyo, Japan), 2000 U/
mL LIF (Millipore, Billerica, USA), 5 = 107> M 2-mercaptoethanol
(2-ME), i-glutamine and non-essential amino acids (Invitrogen).
For differentiation, ESC were cultured 4 days on type-IV colla-
gen-coated dishes (AGC TECHNO GLASS, Chiba, Japan) in differ-
entiation medium  (alpha  minimal  essential  medium
(Invitrogen) supplemented with 10% FBS (SAFC Biosciences)
and 5~ 10 "M 2-ME). FIk1® vascular progenitor cells were cul-
tured in differentiation medium supplemented with 30 ng/mL re-
combinant human VEGF (R&D systems, Minneapolis, USA). To
block TGFp/activin signaling, 0.3 uM TGFp Type | Receptor Kinase

Sequence

Actb Actin, beta, cytoplasmic NM_007393.1 Sense 5-GAT ATC GCT GCG CTG GTC GTC-3°
Antisense 5-ACG CAG CIC ATT GTA GAA GGT GTG G-3'
Ccl21 Chemokine (C-C motif) ligand 21 NM_023052.1 Sense 5-GAT GAT GAC TCT GAG CCT CC-3
Antisense 5-CTC TTG AGG GCT GTG TCT GT-3'
F8 Coagulation factor VIII NM_007977.1 Sense 5'-AAA GAA GGC AGT CTC TCC AAA-3'
Antisense 5-GGA ACT GCC CAA GAT CTA TCA-3’
Fcgr2b Fc receptor, 1gG, low affinity [lb NM_001077189.1 Sense 5-TGT GGA CAG CCG TGC TAA AT-3'
Antisense 5'-CAG CAG CCA GTC AGA AAT CA-3
Mrcl Mannose receptor, C type 1 NM 008625 Sense 5'-ACC CTG TAT GCC TGT GAT TCG-3'
Antisense 5'-AGG TGC AGT CTG CAT ACC ACT TGT-3'
Stab2 Stabilin-2 NM_138673.1 Sense 5'-GCA CCA CCT CAC TAA TGT CAA-3’
Antisense 5'-CCC AAG AGG GTC ACT GTT CT-3
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Fig. 1. Inhibition of TGFBRI signaling does not alter the differentiation of CD34°CD31° cells from Flk1™ vascular progenitors. (A) Isolation of FIk1” cells from ES-derived
differentiated cells. ESC were cultured for 4 days, FIk1* cells were punfied by using the autoMACS. The enclosures indicate Flk-17 cells. (B) Two protocols to culture the FIk1*
vascular progenitors. (C) Expression of molecular markers for endothelial lineage, CD31 and CD34. Cells were harvested on culture day 3 and 6, and were subjected to flow
cytometry. The enclosures indicate CD34°CD317 cells. (D) Phosphorylation of Smad2 and Smad1/5/8 after cultivation of FIk1” celis. Cells were harvested on culture day 3 and
6. Cell lysates were directly subjected to immunoblotting using phospho-Smad2 and phosphor-Smad1/5/8 antibodies. Coomassie blue staining (CBB) was used as loading
controls. The numbers in [A) and (C) indicare percentages of cells in each box. All results are representative of at least three independent experiments.
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Inhibitor II (Tbr1ki2) (EMD Chemicals, Darmstadt, Germany) was
added.

Cell preparation. Flk1" vascular progenitors were isolated from
differentiated ESC after a 4-day culture as described previously
[20]. Briefly, cells were trypsinized and suspended in staining buf-
fer (phosphate-buffered saline (PBS) containing 0.5% BSA and
2 mM EDTA). Cells were stained with phycoerythrin (PE)-conju
gated anti-mouse Flkl monoclonal antibody (mAb) (eBioscience,
San Diego, USA) followed by anti-PE microbeads (Miltenyi Biotec,
Bergisch Gladbach, Germany). Cells labeled with the microbeads
were separated by using an autoMACS Separator (Miltenyi).

Flow cytometry. MAb against mouse CD16/32, CD31, CD34, and
CD45 were purchased from BD Biosciences (San Jose, USA). MAb
against mouse Stab2 and Lyvel were established in our laboratary
[11]. MAb against mouse Pdpn was kindly provided by Drs. Fujita
and Tsuruo [21]. Cells were blocked with an anti-mouse CD16/32
mADb, co-stained with fluorescein- and biotin-conjugated antibod
ies, washed, and incubated with allophycocyanin-conjugated
streptavidin (Invitrogen). Dead cells were stained with propidium
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Fig. 2. Inhibition of TGFBRI signaling upregulates the expression of Lyvel and
Stab2, but not Pdpn. (A-C) Expression of molecular marker for HSEC and LEC. Flk1*
cells were cultured for 6 days with or without TGFpRI inhibitor. On day 6, cells were
harvested and were stained with antibodies against cell surface proteins as
indicated. Shown are density plots of expression of Lyvel (A), Stab2 (B) and Pdpn
(C)in CD317CD34° cells, The numbers are percentages of the cells in each box. (D)
Expression of Stab2 in the CD31* endothelial sheet, FIk1™ cells were cultured for 6
days with or without the inhibitor and were stained with anti-CD31 (green), anti-
Stab2 (magenta) antibodies and Hoechst dye (blue). All results are representative of

at least three independent experiments. The bars represent 100 pm
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iodide. Labeled cells were analyzed with a FACSCalibur flow
cytometer (BD Biosciences) and with Flow]o software (Tree Star,
Inc., Ashland, USA).

Immunaostaining, western blot analysis, and cellular uptake of
scavenger ligands. Staining of cultured cells was performed as de
scribed previously [11]. Western blot analysis was performed as
described previously [22]. Antibodies against phospho-Smad1/5/8
and phopho-Smad2 were purchased from Cell Signaling Technol-
ogy (Danvers, USA). For cellular uptake of acetylated low density
lipoprotein (Ac-LDL) and hyaluronan, cells were incubated with
5 pg/mL Ac-LDL labeled with 1,1'-dioctadecyl-3,3,3' 3'-tetrameth-
ylindo-carbocyanine  (Dil-Ac-LDL,  Biomedical Technologies,
Stoughton, USA) or 25 pg/mL fluoresceinamine labeled sodium
hyaluronate (FITC-HA, PG Research, Tokyo, Japan) at 37 °C for 4 h,
and counterstained with Hoechst dye. Images were captured and
fluorescence intensity was quantified as described previously [11].

RT-PCR analysis. RNA was extracted using a High Pure RNA [so-
lation Kit (F. Hoffmann-La Roche, Basel, Switzerland). First-strand
cDNA was synthesized using SuperScript Ill reverse transcriptase
(Invitrogen) and random hexamer primers. The thermal cycle
(denaturation at 94°C for 15s, annealing at an appropriate
temperature for each pair of primers for 15s and extension at
72 °C for 15 s) was repeated 35 times. The primers used are shown
in Table 1.

Results
Induction of endothelial cells from ESC

To examine whether TGFfi/activin signaling inhibits differentia-
tion of LEC and/or HSEC in the ESC differentiation system, EC were
induced from Flk1" vascular progenitors derived from ESC (Fig. 1A-
C) [17]). Flk1" vascular progenitors were isolated (Fig. 1A), and
further cultured for 6 days in the presence of VEGF to induce EC
differentiation (Fig. 1B). EC differentiation was assessed by the
expression of pan-EC markers, CD31 and CD34. At the beginning
of the culture, FIk1" cells did not express the pan-EC markers
[17]. however, on culture day 3, over 70% of cultured Flk1" cells
expressed both CD31 and CD34, indicating that differentiation of
EC had been induced at this period (Fig. 1C). To inhibit endogenous
TGFp/activin signaling in CD31°CD34" EC, TGFBRI inhibitor
(Tbr1ki2) was added to the cells on culture day 3 (Fig. 1B). On
culture day 6, about 70% of the cells were CD317°CD34” in the pres-
ence or absence of the Tbriki2 (Fig. 1C). Of note, both the percent-
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Fig. 3. Inhibition of TGFARI signaling upregulates the expression of HSEC but not
LEC markers. PCR analyses of genes for HSEC and LEC markers. Flk1" cells were
cultured for 6 days with or without TGFRRI inhibitor (last 3 days). Cells were
harvested on day 3, 4, 5 and 6, and were subjected to RT-PCR analyses. Positive and
negative control templates were from blood vessels EC {BEC), LEC, and HSEC. All
results are representative of at least three independent experiments.



ages and total numbers of the EC were not significantly different
between VEGF alone and VEGF plus the inhibitor {Fig. 1C, Nonaka
et al. unpublished observation).

To confirm the effect of Thriki2, we examined phosphorylation
of Smad2 and Smad1/5/8, which function downstream of the TGF[3/
activins and bone morphogenetic proteins signaling pathways,
respectively. On day 3, both Smad2 and Smad1/5/8 were phosphor-
ylated by endogenous ligands (Fig. 1D}, as we previously reported
[19]. On day 6, the phosphorylation level of Smad2 was decreased
in the absence of the inhibitor, and was hardly detectable in the
presence of the inhibitor. However, the phosphorylation levels of
Smad1/5/8 did not change between these conditions (Fig. 1D).
These results indicate that TGFp/activin signaling was actually
blocked by Tbr1ki2 during the 3- to 6-day culture period.

Cell surface phenotype in EC developed with the TGFERI inhibitor from
ESC

To reveal the phenotype of EC derived from ESC, the expression of
cell surface markers was examined in CD31°CD34" cells (boxes in
Fig. 1C) by flow cytometry. Lyvel expression was expected to in
crease, hecause the previous study showed that the inhibition of
TGFp/activin signaling induced it in human dermal LEC [15]. As ex
pected, treatment of ESC-derived EC with Tbriki2 for 3 days upreg-
ulated Lyvel expressionin CD31°CD34™ EC. 56% of them were Lyvel”
in the presence of the inhibitor, but only 1.7% inits absence (Fig. 2A).
To reveal whether the increased expression of Lyvel represented
LEC and/or HSEC differentiation, we examined the expression of
Pdpn and Stab2, an LEC and an HSEC specific marker, respectively
[11]. In the absence of Tbr1ki2, CD31°CD34" EC did not express both
markers on culture day 6 (Fig. 2B and C, left). In the presence of the
inhibitor, Pdpn expression remained unchanged (Fig. 2C), however,
Stab2 expression was increased in over 40% of CD31°CD34" cells (Fig.
2B). The expression of Stab2 in EC was further confirmed by immu
nocytochemistry. As shown in Fig. 2D, Stab2 expression was
detected on the CD317 EC sheet formed in the presence of Tbrlki2,
but not in the absence of it. These results indicate that the inhibition
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of TGFBRI signaling promotes differentiation of HSEC rather than
LEC

Gene expression profile of EC generated from ESC by the TGFRI inhibitor

To further characterize the nature of the EC developed in the pres
ence or absence of Thri1ki2, we examined the expression of other
LEC/HSEC markers by RT-PCR. As shown in Fig. 3, transcripts for
HSEC markers, Stab2, F8, Fcgr2b and mannose receptor, C type 1

Mrcl), were upregulated by the addition of Tbr1ki2. On the other

hand, the expression of Ccl21, an LEC marker, was not detected
regardless of the culture conditions. The upregulation of HSEC mark-
ers was observed on one day after the addition of Thriki2, though the
number of Stab2” EC and the expression level of Stab2 protein were
more prominent on three days after the addition of the inhibitor
(Nonaka et al. unpublished observation). These results further con-
firm differentiation of HSEC by the inhibition of TGFpRI signaling,
and indicate that the induction begins just after the addition of
Tbriki2.

Functional properties of EC generated from ESC by the TGFARI
inhibitor

To evaluate the functional properties of EC developed with
Tbr1ki2, we examined the cellular uptake of fluorescently labeled
Ac-LDL and hyaluronan. The incorporation of Ac-LDL is a common
characteristic of EC. We previously showed that mouse E14.5 HSEC

2 o

exhibited 2-3 tmes higher endocytic activity for Ac-LDL than
E14.5 Stab2'Lyvel  EC [11]. Furthermore, uptake of hyaluronan
is a characteristic feature of HSEC [23]. As shown in Fig. 4A and
B, EC developed with or without Tbhrlki2 incorporated Ac-LDL,
while quantitative analysis revealed that those developed with
Thr1ki2 exhibited a higher (>3-fold) endocytic activity than those
without the inhibitor (Fig. 4C). Moreover, EC developed with the
inhibitor incorporated hyaluronan, while those without the inhib-
itor fatled to do so (Fig. 4D and E). These results indicate that EC
developed with Tbr1ki2 exhibit functional similarity with HSEC
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Fig. 4. EC with TGFRRI inhibitor exhibit higher endocytic activities. Endocytic activities in cultured EC differentiated from ESC, FIk1” cells were cultured for 6 days with (B,E

or without (A,D) the inhibitor,
dye and were observed by fl
different n

(over 4 times long). The bars in (A,B) and (D.E) represent 80 and 100 um, respectively.

'd were incubated with 5 pg/mL Dil-AcLDL (AB) or 25 pg/mL FITC-hyaluronan (D,E) at 37 °C for 4 h. Cells were counterstained with Hoechst
escence microscopy. The Dil fluorescence intensity was measured to quantify Dil-Ac-LDL uptake (C). Bars express means = SD from three
copic fields. All results are representative of at least three independent experiments. The inset in A is an image of the same field taken by longer exposure
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